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The lastest optical determination of the superconducting-gap function for Bi,Si,CaCu,Os is
consistent with weak-coupling theory. In contrast, a large discontinuity in heat-capacity data sug-
gest strong-coupling superconductivity, and appears to exceed the theoretical strong-coupling lim-
it. A possible resolution to the apparent incompatibility of the two measurements is presented.
The apparent disagreement with the results of strong-coupling theory is also resolved.

Because there is no consensus on the underlying mecha-
nism responsible for high-temperature superconductivity
(HTS) in the oxides, it is important to use experimental
results to test the feasibility of various theoretical propo-
sals. One important distinction between various theories
is the classification into weak- or strong-coupling theories
within a BCS framework. '

For most theories involving boson exchange pairing of
electrons, the transition temperature 7, scales with the
energy of the boson exchange wo and is a monatomically
increasing function of the coupling constant A. For
strong-coupling theories wg is small and A is large. For
HTS, phonon mechanisms usually fall into this category.
For large wo such as those encountered in electronic
mechanisms, A is necessarily small to obtain a 7.~ 100 K.
Hence, most high-energy mechanisms are likely to be
describable by weak-coupling theory.

Two experimentally measured ratios which signal the
strength of the coupling are the zero-temperature gap
A(0) to T., 2A(0)/k T, (where k is Boltzmann’s constant),
and the normalized discontinuity in the electronic heat
capacity at T., AC/C. In the past, these ratios have been
regarded as definitive when used to ascertain whether
strong or weak coupling is present. The BCS weak-
coupling values 2A(0)/kT.=3.52 and AC/C =1.43 are
consistent with measurements? on metals with small ratios
of T, to the Debye temperature. In contrast for Pb and
Hg, which are strongly coupled superconductors,
2A(0)/kT.=4.3 and 4.6 and AC/C =2.7 and 2.4, respec-
tively.?

Measurements of the gap for the HTS oxides vary con-
siderably. Optical, tunneling, and photoemission values
have not been consistent for the Y-Ba-Cu-O or the Bi-Sr-
Ca-Cu-O systems. Variations arising because of gap an-
isotropy, impurity content, alignment, surface properties,
and other caveats are stated as attempts to reconcile the
different results. Here we consider the Bi-Sr-Ca-Cu-O
(2:2:1:2) system where tunneling,® photoemission,* and
optical®> measurements yield gap ratios of 6,8.2, and 3.3,
respectively.

In this study, we focus on the optical determination
since it is the most detailed study of A(T). If the optically
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determined ratio is assumed, the application of conven-
tional BCS theory suggests weak coupling for the 2:2:1:2
system. However, the heat-capacity discontinuity ra-
tio®~® for the HTS oxides is in the neighborhood of or
greater than 6, and these values suggests strong coupling.
In fact, these ratios are beyond the theoretical limit of
3.73 obtained '® for a standard isotropic Eliashberg super-
conductor. The data for the 1:2:3 oxides® are more
definitive than for the 2:2:1:2 system at this time. The
value of the electronic density of states is difficult to ob-
tain for the latter case, and theoretical values are used.
Although fluctuations and lattice contributions also con-
tribute to obscure some of the results, the inconsistency
between the experimental results remains. Below we ac-
count for the apparent conflict between these results by in-
cluding effects arising from the temperature dependence
of the gap. Large values of the heat-capacity ratio are ob-
tained without including strong-coupling effects.

Following BCS, the discontinuity in the heat capacity
at T, is

9A%(T)
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where B=1/kT, . =1/kT., and N(0) is the density of
states at the Fermi level. For the normal state C
=2 22N(0)k *T,, and defining A =2A(0)/kT. we find

AC=kN(0)B?
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For the weak-coupling BCS model A =3.52, and
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Substituting back into Eq. (2) gives the BCS weak-
coupling result.

If we now assume that the result 4 ~3.3 obtained by
Brunel ez al.’ is correct and that it implies weak coupling,
a consistent way to obtain values of AC/ C~6 is to ex-
plore the variation with temperature of the supercon-
ducting energy gap. For example, if T.(8/8T)[A(T)/
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A(0)1%|7,~9, then both experiments can be reconciled
within weak-coupling theory.

In Fig. 1, the data of Brunel ez al.’ is reproduced. The
experiment involved a measurement of the reflectivity R
at various fixed energies Aw < A(0) as a function of tem-
perature. As the temperature is increased, the energy gap
decreases until absorption at the fixed energy occurs and
is observed as a sharp drop in R. At higher temperatures,
R again becomes constant. The sharp feature in R is
identified with 2A(T’), and this is given by the left-hand
side of the horizontal lines in Fig. 1. The horizontal lines
indicate the regions over which the drop in R occurs.

The solid lines in Fig. 1 represent fits to the data given
by the arbitrary functional form for values near T..

> su-T1/T.)
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where the slope of the function at 7/T, =1 is determined
by the specific-heat jump AC/C. The curves labeled
3,5,7,9 correspond to specific-heat discontinuities having
these values. In contrast, the BCS fit near T is
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In conclusion, it has been shown that recent optical
measurements of the gap, A(T), for which 2A(T)/kT.
=3.3 are consistent with a specific-heat jump AC/C > 4
even though the former result implies weak coupling, and
the latter result is normally interpreted as implying strong
coupling. The apparent conflict between the observed
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FIG. 1. Plot of the normalized energy gap vs normalized tem-
perature. The horizontal lines represent the data of Brunel ez al.
(Ref. 5) as described in the text. The solid lines are given by
Eq. (4) and represent a fit to the experiment for values of the
specific-heat jump corresponding to AC/C =3,5,7,9.

AC/C values and the results of strong-coupling theory is
resolved.
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